Abstract--The design of wholesale electricity markets through deregulation has focused almost exclusively on the development of competitive supply (generation). The demand side of the market has been virtually ignored. Mostly, this is due to the assumption that electricity demand is almost completely inelastic. As a result, deregulated wholesale markets universally fail to pass price signals down to the end-users. This paper challenges the assumption of inelastic demand by exploring the potential benefits of implementing a simple load control scheme. This load control scheme allows consumers to shift demand from high priced hours to low priced hours during the day. The benefits to the individual consumer are explored through an example applied to residential air conditioning using price and demand data from California. This example shows that "smart" use of air conditioning can lead to great savings for residential consumers, without sacrificing comfort. The potential for multiple consumers implementing load control to reduce wholesale prices is also examined.
implementation of load control systems at the residential level feasible both economically and technically [2] . Given the proper market incentives, customers and Load Serving Entities (LSEs) will be willing to invest in the infrastructure to facilitate load control.
II. The need for control strategies with real-time metering and prices To date, price responsive demand has not been realized in the deregulated markets. As a result, when supply is limited, it is easier for generators to exert market power and drive up prices. Enabling price responsiveness can help to mitigate price spikes and market power. Load Serving Entities (LSEs) have the ability to devise contracts with their consumers to control loads during periods when demand is very high, giving the LSE more flexibility to manage price risk. In addition, a more responsive aggregate demand can result in lower wholesale prices which benefits all participants. Figure  1 illustrates the interaction between aggregate power supply from the generators, aggregate demand by the LSE, and LSE/end-use consumer response to price signals. As shown, various LSEs aggregate individual load demand (q(x i n , p i )) at set point x i n on behalf of their customer base, a mix of residential, commercial and industrial loads (for n loads). An aggregate demand curve (Q D (p)) is derived by each LSE based on the individual customer demand curves and contract terms and then bid into the market. A total market demand curve is matched to the supply curve (Q S (p)) and a market clearing price (P i ) and quantity are determined. If the price is high, the LSE and end-user have an incentive to reduce load to lower costs by reducing load either through direct (q(x i )) or indirect (y i : control signal from the LSE to the load) control of end-use equipment. 1 The degree of load control and demand reduction will be based on the types of contracts setup between the LSE and its customers. 
The price signal provides incentives to the end-use customer to reduce load (i.e., turn the thermostat up on an air conditioning unit) at peak times of the day when prices are high. This can be done either independently (automatically or manually) by the consumer, and/or by the load serving entity (retail service provider) controlling end-use customer loads through a coordinated optimization scheme (with appropriate contracts). Currently available real-time metering technology can provide these price signals. In the past, this was primarily used only by large consumers due to cost and access limitations. Innovations in information technologies and power electronics, however, have driven down the cost of these metering technologies to the point where they are costeffective for smaller consumers [2] . Implementation of these technologies coupled with smart end-use equipment (such as, HVAC equipment, refrigeration, water heating, etc.) that can respond to price signals and shed load when prices are high, offers a control system to manage load and maintain more stable electricity market prices.
III. Effects of Demand Response on Load and Market
Price In order to illustrate the effect demand response can have on aggregate load and the market-clearing price, an example is presented of a simple thermostat control device used to shift peak load demand for residential air conditioning. In summer months, air conditioning presents the largest portion of peak load in most of the U.S. In California, it accounts for 29% of the peak demand with residential AC load contributing 14% and commercial AC load contributing 15%. Because AC is the primary contributor to peak load, it is useful to examine the amount of load shifting or shedding required to have an effect on the market price. A simple control scheme for residential AC is used as an example to demonstrate the ability of a smart consumer (or AC unit) to respond to rising prices in anticipation of a high peak load price.
The example is presented in two parts. The first part evaluates the level of control required to maintain indoor air temperature within a comfortable range between 68°F and 72° F when the outside temperature is 88°F over a typical 14-hour demand period and calculates the cost savings compared to maintaining an AC unit at a constant temperature of 70°F throughout the entire period 2 . The results show the potential savings for an individual customer for a single summer day in California where there were significant price spikes. Other elements of the residential load and simple behavioral changes that can also contribute to shifting peak load and reducing consumer cost using relatively inexpensive and commercially available control technologies to manage load are also examined.
The second part of the example examines the total potential for peak shifting by extrapolating the results for a single consumer to multiple consumers. The resulting reduction in the overall peak demand is used to estimate the possible effect on the overall wholesale market prices in CA on a typical summer day for various levels of penetration of air conditioning load control.
IV. Potential for peak load shifting among residential consumers -single household
The following example illustrates the potential peak load savings (both economic and power) resulting from using a load control scheme for air conditioning in a typical household. The control scheme, based on the control model outlined in the paper by Constantopoulos, Schweppe, and Larsen [1] , uses real pricing data from the CA ISO for a summer day last year (2000) to control the output of the air conditioning system for optimal cost savings. The result provides the potential economic savings a consumer could have enjoyed from employing such a control scheme, as well as the resultant reductions in peak load power usage.
The Consumer's objective is to minimize the cost of air conditioning while maintaining the indoor air temperature within a certain range.
where: The hourly household temperature is determined by ( Table 1 presents the parameters and definitions.):
To maintain a constant indoor temperature at 70°F with an outside temperature of 88°F, i.e., (T o i -η*q i /A) = T i = 70°F, the power required is calculated to be q i = 1.008 KWh. Similarly, for an outside temperature of 75°F, the power required is 0.28 KWh and for an outside temperature of 95°F, the required power is 1.4 KWh. As shown, during the 6 highest price hours of the day (hours 13-18), a 83% reduction in peak demand for air conditioning can be achieved by load shifting without moving outside the indifferent temperature range. It is observed that a single residential consumer could have saved 37% off their cost of energy for air conditioning alone. This does not include any effects from peak price reductions due to lowering the overall peak load (many consumers would have to employ such a scheme for this effect to become significant).
There is, however, a moderate increase in consumption in the hours before and immediately after the peak hours; with the highest consumption at beginning and end of the control period. The overall energy consumption is nearly equivalent for the fourteen hour period using the load control scheme. For simplicity, this example assumes a constant outdoor temperature of 88°F over the entire 14-hour period. The amount of potential shifting can actually be enhanced, depending upon the time it takes for the temperature to change (i.e., it will take less power at the end of the cycle to bring the temperature down from the upper thermostat bound if the outside temp has also come down during that time and less initial energy to achieve the low temperature bound if it is not yet at the hottest time of the day.) The total energy consumption would actually be lower in a more detailed example that accounted for daily fluctuations in outdoor temperature.
V. Other options for reducing the overall peak residential load The following scenario provides additional examples of the potential effect of load shifting for various types of residential end-use loads. Table 3 provides a list of common residential appliances and their contributions to peak and offpeak loads.
3 For these examples, calculations are based on the following assumptions:
• 6 Peak hours per day • 1/3 of the average total household consumption is during the 6 peak hours • Average Household consumption is 2100 KWh per month during the summer 4 .
• Assumes the following breakdown of peak (6hrs/day) to off peak (18hrs/day) usage for appliances 5 : Based on the above assumptions, the following reductions in peak load are possible: 1) Shifting 50% of peak use of washer, dryer, and dishwasher to off peak times leads to a 4% reduction in peak household usage 2) Using Load control for Air Conditioning leads to a 28% reduction in peak household usage 3) Using similar load control devices for water heater, refrigerator, and freezer leads to a 20% reduction in peak household usage 4) Incorporating all of the above leads to a 52% reduction in peak household usage 5) 100% shift of washer, dryer, and dishwasher leads to a 8% reduction in peak household usage 6) 100% shift of washer, dryer, and dishwasher + load controls(2 and 3) leads to 56% reduction in peak household usage.
The above calculations are rough estimates based on assumptions of average consumption, and there is a large variation in actual household usage patterns. Even so, they clearly show the large potential to reduce peak loads through relatively simple changes in usage. Given the proper incentives that real time pricing schemes provide, it is not 3 based on lo ad profile data from Niagara Mowhawk, 2001 4 Assumes family of four with air conditioning and electric stove and water heater. 5 The assumed breakdown is based on the aggregate load profile from Niagara Mohawk, so that 1/3 of all power is consumed during peak hours. A 25% to 75% split indicates uniform usage. 6 
VI. Control Technology Implementation
The potential for reducing peak household consumption during the summer by implementing these few simple steps appears to be quite large. By simply modifying their behavior in washing clothes and dishes, consumers can reduce their peak demand by between 4 to 8%. This would require no additional investment whatsoever, and have a relatively minor impact on consumer utility (quality of life). Manufacturers could easily add timers to washers, dryers, and dishwashers for little additional cost, but there is currently little demand for such features. Current pricing structures (ie flat rate) provide little or no incentives for consumers to modify their behavior, however. Most consumers are not even aware that electricity costs more during certain times of the day.
Switching to a real time pricing scheme would require the installation of automated metering and a communications infrastructure (see [17] ), as well as regulatory changes. The potential savings from peak reduction, however, is large enough to pay for the installation of such infrastructure.
Implementing a load control scheme for AC or other energy (vs power) consuming appliances is slightly more difficult, but also feasible. The potential for shifting load from peak hours using such devices is quite large. In addition to the communications infrastructure necessary to implement real time pricing, the controllers themselves will need to be developed, as well as the software to determine the optimal usage profile for the appliances. Programmable thermostats currently exist for AC and heating, but it would currently be rather difficult for the average consumer to install such a thermostat and link it to his/her computer where a control algorithm would automatically program the usage according to the day's hourly electricity prices. Standardization of this equipment is necessary so that consumers can "plug and play" with little or no hassle.
Incorporation of controls on refrigerators, freezers, and water heaters would be relatively simple and low cost. Once again, the lack of a demand for such controllers is the main obstacle to manufacturers including them as a standard feature with these appliances.
VII. Extrapolated Effect of Controlling Residential AC
on Market Price Small adjustments in end-use appliance usage enabled by simple control schemes and real-time pricing can have a tremendous potential effect on electricity market prices. Using the simple residential AC load shifting example and applying it to the entire CA market demonstrates this point. The summer 2000 peak load in CA was approximately 51,000 MW. The residential AC portion of the peak CA load is 14%. Extending the calculated 83% load shift in air conditioning to the entire residential load over a 6-hour peak, we calculate a system wide peak load reduction of 12% (15). It is not necessary for everyone to shift load, however, because too much deferment would create new, even higher peaks in the morning and early evening. Thus, it is useful to find the percentage of the AC load that can best flatten out the peak over the higher demand part of the day and reduce the load factor. Figure 2 shows the effect of reductions between 20 and 35% in AC peak load on the daily demand curve. It is clear that a 35% reduction which lowers the system-wide peak by almost 6% is effective in smoothing out the peak. To further illustrate how a responsive demand could have helped lower peak wholesale market prices on a high demand day in CA, prices for the reduced demand during peak hours were estimated based on supply bid data from the CA Power Exchange. Figure 3 shows the unconstrained market clearing price and system load for June 29, 2000, a day where the wholesale market hit the $750/MW price cap from 1:00 PM through 7:00 PM. Figure 4 shows the supply bid curve and the corresponding market prices for a 20, 25, 30 and 35% reduction in AC peak load for hour 16:00. As shown, the price would drop from $750 to $424/MWh at 20% and to $114 at 35%. By simply shifting load from the four hours (13:00 through 16:00) the resulting market cost savings would range from $50M at 20% to $100M at 35%. However, the cost savings would be slightly off-set by higher prices in the hours where additional load is picked-up (shifted). 
VIII. Conclusions
This paper asserts that load management can have a dramatic effect on the utility bill for individual consumers and potentially on wholesale electricity prices if markets encourage price responsive demand and consumers are able to predictably respond to high price signals by shifting load. Exposing customers to real-time pricing provides the needed incentive to create demand elasticity.
As shown for an anticipated price profile, a residential customer can determine optimal (least cost) consumption patterns without forsaking comfort (in this case: a cool house on a hot day). When this type of peak shifting behavior is conducted on a mo re aggregated level, e.g., by an LSE through the use of appropriate controllers, the aggregate reduction can result in a lower hourly wholesale electricity price. The examples provided in this paper present a simple case illustrating the important effects of load response to anticipated electricity price.
It is important to note that the dynamics of a real-time market and the impact of various market structures on price are not accounted for and are beyond the scope of this paper. Further research is being conducted to explore the dynamic effects of active demand side bidding and load control on markets and the responsiveness of the physical power system. For example, some areas of future research include: the effect of load response on price volatility and generator/LSE market power; bidding and financial contract strategies for generators and LSEs; and dynamic power systems control and technical infrastructure protocols for reliability. Research in these areas is currently underway at the MIT Laboratory for Energy and the Environment 7 .
Additional research related to this subject is needed on a variety of levels to provide a sound basis for future policies and investments. Of particular importance is the role of state 7 Formerly the MIT Energy Lab (www.mit.edu/energylab/www) and the Center for Environmental Initiatives. and local governments in developing and implementing deregulation policies. In the short-term, government has the ability to conduct pilot studies on the effect of demand responsiveness, load aggregation, and consumer elasticity on market price. Well-designed experiments could be very helpful in fully characterizing consumer demand elasticity, the effects of load aggregation, overall benefits of load response, the infrastructure technologies and costs, and affects on market behavior. These studies could be done in collaboration with LSEs and technology companies interested in analyzing the performance of this system.
Other important questions that need resolution include: understanding the economic trade-off between investments in centralized generation and transmission, and investments in well-designed control schemes that enable distribution-side demand responsiveness. Distributed generation is also essential to optimizing future investments in power system infrastructure.
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